Posterior-stabilized (PS) total knee arthroplasty (TKA) designs were introduced to compensate for the resected or deficient posterior cruciate ligament and to avoid paradoxical anterior sliding of the femur. Knee joint stability may differ among patients and, therefore, orthopaedic companies developed several solutions to compensate for these differences. In particular, conventional PS designs are used for conventional TKA and semi-constrained PS designs are mainly applied in revision surgery or in conventional surgery when there is a compromised soft tissue envelope. However, despite good functional long-term results, a better understanding of forces acting on the post of the polyethylene insert is needed to find an eventual correlation with the risk of post-cam failure or loosening of the tibial baseplate for the two PS solutions. To the authors' best knowledge, no literature data is currently available to compare the two solutions. In this paper, a validated numerical model was developed to analyse and compare the posterior of the post-cam mechanism of the same TKA design with conventional and semi-constrained inserts during several motor tasks. For each solution, different motor tasks show different values of maximum post-cam force. Comparing the two solutions, a general slightly higher force (range between 3 and 5%) is observed in the semi-constrained solution. The results concerning the conventional solution are in agreement with the literature. After this analysis, we can report that a semi-constrained design shows only slightly higher posterior post-cam contact force, and thus would not be expected to significantly increase the risk of failure of the post-cam mechanism, as compared to a conventional PS design.
Introduction
The success of total knee arthroplasty (TKA) in relieving pain and improving function has led to its widespread use worldwide (Rosen et al. 202) . Furthermore, the increasing size of the aging population will only further test the longevity and durability of TKA (Rosen et al. 2002; Kurtz et al. 2010) .
Posterior-stabilized (PS) TKA was introduced in the mid '70s (Insall et al. 1985) . This concept was developed to prevent posterior subluxation of the tibia, as a replacement for a degenerative posterior cruciate ligament, and to improve the range of movement of the knee by allowing femoral rollback and increasing the moment arm of the quadriceps (Colizza et al. 1995) . It has been widely used for more than two decades, and long-term follow-up studies have reported satisfactory results (Schai et al. 1998; Rodriguez et al. 2001; Sultan et al. 2003) .
Recently, surgeons have sought a greater range of movement after TKA (Schai et al. 1999) . Many patients, even those with a TKA without scar, pain and backrelated problems, avoid kneeling as reported in the New Zealand orthopaedic registry (available at www.nzoa.org. nz/nz-joint-registry). However, kneeling is required for many activities of daily living and several jobs. More than 50% of patients with TKA consider kneeling as important (Matsuda et al. 1997) . It is thought that patients who undergo a PS TKA will achieve a greater range of movement than those who undergo a cruciate retaining TKA because the post-cam mechanism in a PS TKA will promote posterior rollback of the femur (Mauerham 2003) .
Intra-operative and post-operative benefits of a PS TKA over a cruciate retaining TKA -include easier ligament balancing, easier correction of severe deformity by eliminating a tight posterior cruciate ligament, increased predictability in restoration of knee kinematics, improved range of motion, and potentially minimized polyethylene wear -because of the option to use more congruent articular surfaces (Schai et al. 1998; Rodriguez et al. 2001; Sultan et al. 2003) . Potential disadvantages with PS TKA include tibial post polyethylene wear, soft tissue impingement and the risk of dislocation or instability in flexion (Mestha et al. 2000; Mikulak et al. 2001; Puloski et al. 2001; Callaghan et al. 2002) .
To widen the use of PS designs, semi-constrained tibial inserts have been introduced; these designs are also called constrained condylar knee implants or varusvalgus (V-V)-constrained solutions, in which, usually, only the post geometry is changed with respect to the conventional PS inserts (Scuderi 2001) . TKA surgeons commonly use semi-constrained implants to provide greater constraint and stability through the interaction of the tibial spine in the femoral intercondylar housing. The increase in spine dimensions provides constraint by limiting V-V and internal-external (I-E) rotation (McAuley et al. 2003 ). This solution is quite important for patients in whom the soft tissue envelope is compromised even at the time of a primary implant. Simply stated, the post of a semi-constrained knee cannot be expected in isolation to provide stability in the long term. However, the post-cam provides short-term support for healing collateral structures or in association with collateral reconstruction (McBride et al. 2010) . The trade-off is the theoretical disadvantage of increased stress transmission to the component -bone interfaces. Despite this, at least in the short term, the clinical results seem comparable to less constrained designs, however, in the longer term, the results may not be quite as encouraging (Dahlkvist et al. 1982; McBride et al. 2010) .
It is known that altered post-cam forces will increase polyethylene stresses that could lead to post-cam failure and consequently the need for a revision component. So, it is important to know what level of contact force is generated at the post-cam interface. Biomechanical studies of deep flexion of the knee have been performed (Wilk et al. 1996; Nagura et al. 2002; ) and some have shown that a high anteroposterior shear force is generated at the tibiofemoral joint during deep flexion (Li et al. 2002; Fekete et al. 2012) . However, to date, postcam stresses and forces have not been completely investigated, for most of the daily activities, especially for the semi-constrained designs.
For these reasons, this paper presents a numerical study on a fixed-bearing PS TKA to analyse the postcam mechanism in its conventional and in its semi-constrained version during several motor tasks. The purpose of this study is not to analyse the behaviour and performance of this specific TKA design, but rather to determine, in general, how conventional and semi-constrained PS contact forces are depending on several daily activity movements.
Having regard to the wide use of numerical simulations in the biomechanical field (Catani et al. 2010; Lin et al. 2011; Innocenti et al. 2014) , we chose to perform our analysis with a validated numerical model because neither clinical nor in vitro cadaver test could allow us the versatility, reproducibility and saving in time and costs to test the effect of the design on post-cam contact forces. In the literature, several studies (Todo et al. 2008; Pianigiani et al. 2012 ) use computational models to investigate TKA contact mechanics, but they usually investigate only the conventional TKA type, mainly during walking and not during high flexion movements.
Methods Models
A commercially available rigid solid body kinematics numerical model (LifeMOD/KneeSIM 2008.1.0, LifeModeler Inc., San Clemente, CA) was used for this work. The numerical model was previously validated both for contact forces and kinematics outputs (Innocenti et al. 2011; Pianigiani et al. 2012) . The model includes the reconstruction of a full leg, without the foot, obtained from a CT scan of a cadaveric full leg of a Caucasian male (age 82 years, height 1.88 m and weight 72.6 kg). No cartilage and menisci have been reconstructed. The physiological knee model was built assuming physiological positions of the main soft tissue insertions as described in literature (La Prade et al. 2003; Netter 2006; LaPrade et al. 2007 ) and adapted to the specific patient geometries (Figure 1) .
Starting from the physiological knee model, a first model was obtained virtually by implanting a PS conventional TKA (Genesis II, Smith&Nephew, Memphis, TN) according to the surgical guidelines of the manufacturer. A second model was then obtained by substituting the conventional tibial insert (Figure 2(a) ) with a semiconstrained for the same TKA design (Figure 2(b) ).
The only differences between the two tibial insert solutions are in the shape of the post: the semi-constrained design is wider than the conventional, almost as wide as the box in the femoral component (space of 1 mm between post and box border on medial and lateral side), and features less rounded edges, resulting in an almost rectangular shape (Figure 2(c) and (d) ).
To cover a wide range of common daily life activities and their associated knee joint kinetics and kinematics, four different load-bearing motor tasks have been analysed in this study: gait, step ascent, step descent and squat. The hardware and the boundary conditions of the experimental tests have been properly simulated considering as input a controlled quadriceps load in order to obtain a constant hip load, and considering the action of the hamstrings as constant. All the other soft tissues behave consequently following each mechanical behaviour described in the model. Thus, each task was performed in 10 s with a proper vertical hip load and vertical hip translation. Starting from 0°, the knee flexion during walking is up to 65°, during the step descent is up to 68°, during the step ascent is up to 93°and for the squat is up to 120°. Each International Biomechanics 23 movement follows a standard kinematics characteristic for the analysed movement as also obtained from in vivo gait lab analyses (Desloovere et al. 2010 ). To allow a following validation for contact forces outputs, these settings also match experimental tests performed in in vitro analyses on cadaver legs (Innocenti, Follador, et al. 2009; Victor 2009; Delport et al. 2013 ). The loaded movements were reproduced numerically, simulating an existing knee kinematics rig (Maletsky 1999; Victor, Van Glabbeck, et al. 2009 ) in terms of geometries, constraints, inputs and outputs using a commercial musculoskeletal modelling software (McKinnon et al. 2005; Al-Nazer et al. 2008; Morra et al. 2008; Monaco et al. 2009 ).
The simulated rig together with its functionality and constraints are shown in Figure 3 .
The resulting model of the knee includes tibiofemoral, patello-femoral and post-cam contacts between the TKA components, passive soft tissue structures and active muscle elements. External forces (ground reaction force and mass), muscle forces (quadriceps and hamstrings) and frictional forces are applied to the knee joint through the rig similar to a knee kinematics simulator. Mechanical properties of relevant soft tissue structures were obtained from Woo et al. (Woo et al. 1991; ). To allow wrapping around the bone and in the trochlear groove of the femoral component, tendons were modelled as separate discrete units (more information about material models and properties in use in Innocenti et al. (2011) ).
For each post-cam configuration and motor task, the posterior post-cam contact force was evaluated by the numerical model during the entire movement. 
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Procedure to validate the numerical outputs
A dynamic knee simulator system based on the Oxford rig was also used to experimentally validate the results of the computer simulations. This electromechanical system was designed to simulate and record the motions and loads in a knee joint during squatting, and was extended used for in vitro experimental study on human knee (Innocenti, Follador, et al. 2009; Victor 2009; Delport 2013) . Femoral components of the same TKA design used for the numerical simulations were cemented on custom designed metal fixtures, which represented femur and tibia. A conventional UHMWPE insert was used.
A pressure sensitive film (K-Scan sensor 6900/ 10000 psi, Tekscan ® Inc., Massachusetts, USA) was covered with a 0.1 mm thin Teflon film to protect it against shear stresses and calibrated in a loading frame (858 Mini Bionix II, MTS, MN, USA). One of the four fingers of the sensor was then fixed to the posterior side of the insert post using double-sided tape. Five squats between 30°and 130°of flexion were performed on the knee simulator. The total squat time during flexion was 10 s. During the squat, the ankle loads and moments and the quadriceps load and hip position were recorded by the knee simulator. The contact force, contact area and contact pressure between insert post and the cam of the femoral component were recorded with the K-Scan sensor.
Results

Experimental results
The pressure sensor readings showed a gradual increase of the contact force as function of the flexion angle, once the cam engaged with the post. The initial contact angle was 71°flexion. The maximum contact force was 780 N, for the maximum flexion (Figure 4) (Arnout et al. 2014) .
Numerical data output Figure 5 shows the posterior post-cam contact force determined by the numerical simulation for the simulated squat movement. The angle at which the post engages the cam is around 50°of knee flexion.
For all the analysed motor tasks, and for the two solutions, the posterior post-cam contact force shows a similar trend of the one illustrated in Figure 5 . Generally, the contact force increases with the increase in the flexion angle, and the angle for which there is the initial PS contact is similar among the different motor tasks. However, due to the different maximum flexion angles achieved by the different motions, the maximum posterior contact force is different among the different motor tasks. An overview of the maximum contact force determined for the different analysed motions is reported in Figure 6 . For all the designs and motions, the maximum posterior post-cam contact force always occurred close to the maximal flexion angle (walking 65°, stair descent 68°, stair ascent 93°and squat 120°).
Even if different motor tasks show a different value of maximum posterior PS contact force, the values are similar for the two different tibial inserts with a slightly higher contact force (ranging from 3% during walking, up to 5% during squat) in the semi-constrained design compared to the conventional one.
As found in the literature (Arnout et al. 2014), designs with higher contact forces compensate for these higher forces with a larger contact area in order to reduce their contact pressure and avoid post failure. Despite this, no catastrophic failures are clinically seen for the analysed TKA design, and it has excellent longterm results without post breakage. A possible explanation for this finding is the relatively low moment on the post that possibly compensates for the high pressures. 
International Biomechanics 25
Validation
The experimental outputs (Figure 4 ) about the post-cam mechanism and the numerical outputs ( Figure 5 ) have been compared for the conventional design.
Numerical maximum contact forces are, in general, in agreement with literature (Fitzpatrick et al. 2013 ), but are especially in agreement with experimental results performed with the same conventional design in use for the numerical simulations (Arnout et al. 2014 ).
Discussion
The aim of our work was to estimate the maximum contact forces in the post-cam mechanism for several activities in conventional and semi-constrained PS TKA, and to check for eventual differences among the two solutions.
This work presents some limitations: only a left leg has been analysed and only one design for each solution has been analysed in this study. Moreover, a rigid body kinematics approach was considered, and therefore the eventual deformation of the polyethylene post was neglected in this study. However, despite these limitations strong agreement was found among numerical outputs and data coming from experimental activities, and from the literature. In addition, the two solutions have been tested only for daily activities and not only for tests like the pivoting one. This choice was also based on Arnout et al. paper that shows that several TKA designs present their own PS pattern during daily activity.
The modelling and simulations were performed with a validated numerical model (Innocenti et al. 2011; Pianigiani et al. 2012) . The development and the definition of the numerical models were based on experimental cadaver tests. Numerical simulations achieved a similar maximum contact force to the experimental behaviour even if the post-cam engagement started earlier (Luyckx et al. 2009; Arnout et al. 2014) . The reasons of these differences between experimental and numerical outputs could be explained due to the different starting points (in terms of initial flexion angle) for the two simulations (30°for the experimental tests and 0°for the numerical test). Moreover, in addition to this, also the friction coefficient in use for the two simulations is different, as the authors did not proceed with any measurements of knee lubrification and friction during the experimental activities, while the friction coefficient in use was taken from literature (Victor 2009 ) referring to metal-polyethylene coupling.
Even though the values are similar for the two insert types, different motor tasks show a different values of maximum post-cam force. A slightly higher force is observed in the semi-constrained design with respect to the corresponding conventional design. A possible explanation can be associated to the different shape of the post itself.
These results are in agreement with data shown in literature Catani et al. 2010; Fitzpatrick et al. 2013 ) and outcomes from experimental tests (Arnout et al. 2014 ).
Conclusions
After comparing post-cam contact forces in conventional and semi-constrained during several motor tasks, we can report that a semi-constrained design shows only a slightly higher posterior post-cam contact force, and thus would not be expected to significantly increase the risk of failure of the post-cam mechanism as compared to a conventional design, that is, assume observing only the posterior side of the PS mechanism. For this reason, a possible future development of this study could be the analysis of the lateral and medial post-cam mechanism under the same conditions and the induced knee kinematics by the two solutions.
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